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Numerical imaging simulations demonstrate the capability of immersion lithography to print 
features smaller than 45 nm (35 nm) with good depth of focus at a vacuum wavelength of 193 nm 
(157 nm). The optical impact of index variation of the immersion liquid is simulated and found to 
be a shift of focus of I nm for each 1 ppm change in the bulk index of the liquid. For an index which 
varies through the thickness of the liquid (e.g., due to nonuniform temperature), the focus shift is 
found to be proportional to the total change in optical path length (OPL), with a 1 nm change in OPL 
leading to a ~ 1 .5 nm focus shift at 1 .3 numerical aperture. A focus offset of 1 -3 nm can be expected 
due to heating during scanning exposure. The possible formation of nanobubbles at resist surfaces 
is also discussed. While simulations show that even 10 nm thick bubbles at the surface of the resist 
cause 30% modulation in the aerial image intensity, no evidence of bubbles is seen in open frame 
immersion exposures. Imaging of 100 nm features is shown using an immersion contact phase-edge 
technique, with no evidence of bubbles or adverse liquid— resist interactions. Finally, we describe 
progress in the search for low absorbance liquids for use at 157 nm. liquid purity, including 
dissolved Oj and H 2 0, is found to be critical. The current absorbance record, 0.64±0.07 cm" 1 , held 
by perfluorotriglyme (CFjEOCF 2 CF 2 ] 3 OCF3), is enough for a 350 /tm working distance at 95% 
transmission. © 2003 American Vacuum Society [DOi: 10.111671.1624257] 




L INTRODUCTION 

Immersion microscopy was invented over 150 years ago 
when the benefit of filling the space between the micro- 
scope's final optical element and its target with a high index 
liquid was realized. Because the wavelength of light in a 
fluid is reduced from the vacuum wavelength X, the resolu- 
tion W can be improved by a factor of the index of refraction 
of the fluid n: 



where 9 is the angular half aperture of the lens and *, is the 
resolution coefficient. The idea of applying the benefits of 
immersion to projection lithography is likewise not new. Im- 
mersion lithography had emerged in the patent literature 1 by 
1984 and in regular open literature 2 by 1987. Several small 
scale studies of immersion patterning 3 " 6 were undertaken in 
the 1980s and early 1990s but did not progress beyond the 
proof-of-concept stage; other factors on the right-hand side 
of Eq. (1) presented easier targets for resolution improve- 
ment. Now, with both sin 6 and k j approaching 85% of their 
physical limits, and a lack of transparent optical materials 
below — 150 nm that provides serious technical challenges to 
further reduction of X, immersion has become a serious can- 
didate for extending optical lithography to 50 nm and below. 

Beyond improvements in resolution, immersion is attrac- 
tive because the vacuum wavelength of the radiation remains 
unchanged, allowing much of the technology developed for 
dry lithography at that wavelength to be carried over into 
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immersion. Light sources, optical materials and coatings, 
purging and contamination control systems, and perhaps 
even resists can be used essentially unchanged. Masks will 
likewise remain unchanged except for the reduction in fea- 
ture size allowed by the improved system resolution. The 
novel elements in immersion lithography are essentially 
three. First, a new lens design is required to take advantage 
of the immersion liquid. Several designs for full-field immer- 
sion lenses with numerical aperture (NA)=n sin 6 up to 1.2 
have been presented 7,8 by lithographic tool makers. Second, 
a liquid dispensing and recovery system is required, and sev- 
eral concepts for this have also been proposed 7,9 and are 
currently under study. 

The final and perhaps most critical element of immersion 
lithography is the immersion liquid itself. As a component of 
a high-precision optical system as well as of the entire semi- 
conductor process flow, the liquid must fulfill many require- 
ments. Physically, it must be transparent at the exposure 
wavelength, have a high enough index to make the resolution 
improvement worthwhile, and have low viscosity to facilitate 
high speed scanning. Additionally, the liquid should be non- 
toxic and must be compatible with cleanroom processing. 
For all of these reasons, water is a very attractive candidate 
liquid at 193 nm. It has low absorbance, 10 a-0.O36 cm" 1 
(base 10) and a relatively high index," n~ 1.44. along with 
low viscosity and familiarity in the semiconductor manufac- 
turing process. In addition to its physical properties, the im- 
mersion liquid must be chemically compatible with the pho- 
toresist and with die final lens element. It must not interact 
with the photoresist in any way which impedes high resolu- 
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Rg. t. Numerical simulations of printing dense line and space patterns for 
NAs of 0.9 (immersion and dry), 1.1, and 1.3. The depth of focus at 10% 
exposure latitude is shown as a function of the feature size, (a) Binary mask 
at 193 nm with annular illumination (cr^O.4-0.6). (b) Binary mask at 157 
nm with annular illumination, (e) Alternating phase shift mask at 193 nm 
with conventional illumination («r=0,3). (d) Alternating phase shift mask at 
157 nm. 



tion imaging, and must not contaminate the lens over the life 
of the exposure tool. 

In this article, we address further concerns about the ho- 
mogeneity of the liquid index due to temperature variations 
as well as the possibility of bubble formation in the liquid. 
We also report our initial imaging results using water immer- 
sion phase-edge contact printing. At 157 nm, research has" 
focused on identifying suitably transparent fluids. Fluori- 
nated fluids have shown some promise as immersion 
liquids, 12 but absorbance has remained too high to permit 
practical working distances. Here we report on our progress 
in identifying and purifying suitable fluorinated liquids for 
use at 157 nm. 

II. IMAGING SIMULATIONS 

To assess the potential of immersion lithography, we per- 
formed numerical imaging simulations using the model de- 
scribed fully in Ref. 13 to calculate exposure-defocus trees 
for dense line and space patterns with a ± 10% critical di- 
mension (CD) tolerance. This Maxwell vector model ac- 
counts for thtn-film interference as well as polarization and 
other high NA effects, and all simulations assume randomly 
polarized light. Figure 1 shows the depth of focus (DOF) as 
a function of the nominal linewidth for an exposure latitude 
of 10%, for conventional dry lithography with NA=/i sin 0 
of 0.9 and water immersion lithography with NAs of 0.9- 
1.3, both using annular illumination at <r=0.4-0.6. At 
\= 193, 0.9 NA has essentially no DOF below 75 nm with a 
simple binary mask while water immersion with the same 
value of sin 0 (NA=1 .3) allows printing with good DOF be- 
low 60 nm [Fig. 1(a)]. At X=157, the improvement is similar 
with NA=1.3 allowing printing below 50 nm compared to 



the 65 nm available with ultrahigh NA dry lithography [Fig. 
1(b)]. Resolution can be further improved using the whole 
suite of resolution enhancement techniques developed for 
dry lithography which carry over directly into immersion. 
For example, using an alternating phase shift mask (altPSM) 
with conventional illumination (o=0.3), immersion allows 
X=193 to extend to 45 nm features and \=157 to 35 nm 
features as seen in Figs. 1(c) and 1(d). We note that, accord- 
ing to the International Technology Roadmap for Semicon- 
ductors (Semiconductor Industry Association, San Jose, CA, 
2002, http://public.itrs.net/), 45 nm lithography will be 
needed starting in the year 2010, and 32 nm lithography 
starting in 2013. Even in the absence of the highest NAs, 
immersion will allow printing down to ~50 nm at 193 nm 
using NAs for which full-field lens designs are currently 
available. 7,8 



III. INDEX VARIATION DUE TO HEATING 

One major concern in immersion lithography is distortion 
of the image due to index inhomogeneities in the liquid. 
Variation in the index of the immersion fluid causes, to first 
order, defocus in the image, 14 along with small amounts of 
spherical and higher order abberations. 13 With a 1 mm work- 
ing distance and sin 0=0.9, our simulations show that a 
change in the bulk liquid index of 1 ppm causes ~1 nm of 
defocus. Because the thermo-optic coefficient of water" at 
193 nm, dnldT- -10~ 4 /°C, is about 20 times higher than 
that of the traditional N 2 ambient, liquid temperature control 
is critical. Each 0.01 °C uncertainty in the bulk water tem- 
perature reduces the focus budget by —1 nm. 

During exposure, the wafer absorbs photons and heats up, 
and some of this heat is transferred to the immersion liquid. 
Numerical modeling of this heating process must take into 
account the scanning of the wafer which results in a liquid 
flow, which replaces heated liquid with fresh liquid under the 
lens. Some results of such a detailed numerical model' are 
reproduced in Fig. 2(a), which shows temperature profiles of 
the liquid at the trailing edge of the exposure slit for various 
Bow conditions. While the temperature rises as much as 
0.15°C near the wafer surface in water immersion, the heat 
does not have time to diffuse throughout the bulk of the 
liquid. Its impact is thus much smaller than a similar shift in 
the bulk temperature. The temperature induced change in the 
optical path difference (OPD) between the axial and mar- 
ginal rays is 



Hens 



/wafer 



ATVfz, 



(2) 



AOPD= AOPLaxid- AOPLnu^, 

^(JL-tU" 

dt \cos0 } J w 

where AOPL is the change in optica) path length (OPL) of 
each ray. The same AOPD can also be induced by moving 
the wafer plane out of focus: 

AOPD=n(cosf?-l)Afocus. (3) 

Combining Eqs. (2) and (3), we see that the equivalent 
focus shift for a coherent imaging system is 
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Fic. 3. Simulated aeria] image of an array of gas bubbles 300 nm in diam- 
eter and 100 nm high on the resist surface. The spatial modulation of the 
intensity is 80%. Inset: Schematic of the gas bubble array. The shaded area 
in the center represents the area shown in the main part. 

incident dose, with no thresholding behavior. Within the dose 
accuracy, the thickness removed was equal for wet and dry 
exposures. Atomic force microscope (AFM) inspection of 
the developed surfaces [Figs. 4(a) ami 4(b)} showed little 
difference between wet and dry and certainly no evidence of 
bubbles at any dose. The Fourier spectral signature of the 
surface roughness [Fig. 4(c)] also revealed no significant dif- 
ference between the dry and immersion exposures across the 
dose range measured. 

V. CONTACT IMAGING 

Another area of concern in immersion lithography is the 
possibility of interaction of the immersion liquid with the 
resist Preliminary tests with blanket exposures suggest that, 
at least for some types of 193 nm resist, exposure to water 
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FIG. 4. AFM images of a gray tone resist exposed at 193 am under (a) Nj 
and (b) water ambient. Ho evidence of bubbles is seen, (c) The power 
spectral density of the surface roughness is virtually identical after wet and 
dry exposure. 




Position (urn) 

Ftc. S. Top: Schematic of the immersion phase-edge contact printing pro- 
cess. The relief in the phase mask is filled with water. Bottom: Simulated 
aerial image at the phase edge. Inset Schematic of the simple jig used to 
achieve optical contact between the wafer and the mask. An array of fine 
pitched screws apply pressure, white the fringes are observed through the 
mask from below. 

causes little to no change in resist thickness or surface 
energy. 14 Recently, we have performed a series of experi- 
ments which determined the elemental composition of 193 
nm photoresists exposed to water with and without irradia- 
tion. These x-ray photoelectron spectroscopy (XPS) studies 
showed, among other effects, that water soluble base stabi- 
lizers are leached out of the resist almost immediately upon 
contact with water. However, the impact of such changes in 
resist composition on lithographic performance is still un- 
clear. There is no substitute for high resolution imaging. In 
the absence of an immersion projection tool, we have 
adapted a phase-edge contact printing technique 19 which en- 
ables the patterning of sub- 100 nm features with a simple 
apparatus. A jig consisting of an array of fine pitched screws 
(Fig. 5 inset) is used to bring a water covered, resist-coated 
wafer into optical contact with a fused silica phase mask. 
Using interference fringes as a guide, good contact can be 
established over almost all of the 50X50 mm 2 exposure area. 
Because this procedure is not carried out in a clean environ- 
ment, a few dust particles typically create localized (1-3 nun 
diam) areas of poor contact. The resist is then exposed 
through the mask. Because water fills the relief of the mask, 
phase edges must be etched to a depth d which yields an 
optical path difference, OPD=d(« inisV — n ihtBid )=X/2 be- 
tween the light transmitted through the glass and that trans- 
mitted through the water, with a fused silica mask at 193 nm, 
d " I /itn. A diagram of the contact at a single phase edge as 
well as a numerical simulation of the resulting aerial image 
are shown in Fig. 5. This technique easily yields features 
with —100 nm Hnewidths. Figure 6 shows scanning electron 
microscope (SEM) micrographs of exposures of a 300 nm 
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FiG. 2. Numerical modeling of the effect of temperature gradients in the 
fluid, (a) Temperature gradients at the trailing edge of a water immersion 
exposure slit (after Ref. 9). The dashed line represents fluid Injection at 1 
kPa parallel to the scan direction, the dotted line at t kPa antiparallel to the 
scan, and the solid line at 0 Pa. The wafer is at z =0 and the tens surface at 
z= 1 mm. (b) Numerically modeled focus shift due to temperature gradients 
as a function of the integrated change in optical path length, (c) Optical path 
length and focus differences across the 5 mm exposure slit. The leading 
edge is at 0 and the trailing edge, corresponding to the gradients shown in 
(a), is at 5 mm. 



Afocus= — 



AOPL^u! AOPL^ 



(4) 



For water immersion at NA=1.3, Afocus 
— — 1.6 AOPL^uj. These analytical results were confirmed 
by numerical simulations in which the liquid was broken into 
layers and the index of each layer adjusted to match these 
one-dimensional (ID) temperature profiles. The resulting 
shift in best focus, shown in Fig. 2(b), is - 1.5 AOPL,^ 
with the difference from the analytical results due to the 
partial coherence modeled in the simulations. In reality, a 
temperature profile also induces spherical aberrations of vari- 
ous orders but they are quite small. Even the most extreme 
temperature gradients simulated showed no change in con- 
trast at best focus. For realistic scanning parameters, total 
focus shifts of 1-3 nm can be expected, depending on the 
flow conditions. This shift constitutes a small but non- 
negligible portion of the focus budget. 

The temperature profile in the liquid is, of course, not one 
dimensional, even in the case of uniform illumination- The 
primary two-dimensional (2D) effect is the difference in tem- 
perature between the leading and trailing edges of the expo- 
sure stit. The fluid at the trailing edge has absorbed more 
energy and has had more time for the heat to propagate, it is 
thus hotter through more of its thickness than the liquid at 
the leading edge which remains near the ambient tempera- 
ture. This results in a difference in focus (tilt) across the 5 
mm slit of approximately the same magnitude as the overall 



focus offset [Fig. 2(c)], We have recently extended our opti- 
cal simulation capability to take this 2D temperature profile 
into account, and our initial results are in agreement with the 
estimates based on 1 D results shown here. 

A final possible source of heating which has not yet been 
considered is the viscous heating caused by flow. This should 
be a small effect for water, but may be significant for other 
liquids such as those under study for use at 157 nm, and may 
indeed prove to be the most important factor limiting accept- 
able liquid viscosity. 

IV. BUBBLES 

The exposure ambient of a conventional lithographic ex- 
posure system is a gas where spatial inhomogeneities due to 
changes in pressure or composition are small, in immersion 
lithography, however, there is the possibility of large index 
inhomogeneity due to bubbles in the immersion liquid. Mi- 
croscopic bubbles (~ 10 pan and larger) can be formed in the 
liquid handling system by entraining gas from the outside 
during scanning 15 or by devolution of dissolved gas due to 
temperature or pressure changes in the liquid. The former 
can be avoided by careful fluidic design and the latter by 
removing the dissolved gas from the water (degassing). 
Bubbles could also arise from the outgassing of resists under 
exposure. Using conservative estimates: free diffusion of gas 
from the resist into the water, a high peak outgassing rate 
( 10 !5 molecules cm" 2 s~ 1 ; equivalent to the IBM V2 experi- 
mental resist 16 ), and a high gas diffusion rate in the resist 
(10~ 8 cm~ 2 s~'), the peak concentration of a common out- 
gassing product, isobutene, in water is ~250 pug cm" 3 below 
but not far below the 340 /igem -3 solubility limit.' 7 Direct 
experimental verification of the effect of outgassing is clearly 
required and experiments are ongoing at Lincoln Laboratory 
to measure the formation of bubbles from a variety of resists. 

There is also some evidence that large numbers of 
nanobubbles with 10-100 nm thickness may form spontane- 
ously at hydrophobic surfaces 18 due to the energetic advan- 
tage of having a gas layer isolating the water from the sur- 
face. The formation of such bubbles on a resist surface 
would be disastrous for immersion lithography. Figure 3 
shows a numerical simulation of the aerial image created by 
blanket exposure through an array of bubbles 300 nm in 
diameter and 100 nm high at the surface of the resist. Instead 
of a uniform image, the intensity is modulated by 80%; any 
such bubble would almost certainly cause a printable defect. 
Simulations with bubbles as little as 10 nm high show 30% 
modulation in image intensity. It is thus critical for immer- 
sion lithography to establish whether such bubbles form at 
resist-liquid interfaces. 

Because bubbles at the resist surface are predicted to have 
such a large impact on the aerial image, blanket exposures of 
water coated resist should reveal their presence. Wafers 
coated with 1 pan thick hydrophobic (unexposed water con- 
tact angle 80°) gray tone resist were exposed at doses from 1 
to 1000 mJcrn -2 under both N 2 and water ambient in an 
open frame exposure system. The thickness of resist re- 
moved upon development was proportional to the log of the 
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HO. 6. SEM micrographs of 300 nm bilayer resist exposed at 193 nm with 
immersion phase-edge contact printing- The linewidth in both images is 100 
nm. 

thick bilayer resist 1 ' which show no evidence of defects due 
to bubble formation or water-resist interaction. More exten- 
sive tests of model 193 nm resists are planned along with a 
study of the impact of immersion liquid impurities on resist 
performance. 

VI. FLUIDS FOR 157 nm IMMERSION 

While water appears to be the preferred immersion liquid 
at 193 nm, fundamental work remains in the identification of 
a suitable fluid for 157 nm use. The primary issue and the 
focus of our research to date is the lack of sufficiently trans- 
parent liquids at this wavelength. Liquid absorbance is deter- 
mined by measuring the transmission of cells consisting of 
the liquid sandwiched between two CaF 2 windows held apart 
by a spacer whose thickness determines the path length x in 
the liquid. Measurements of three cells with x 
= 5 /xm-1 mm fit to Beer's law, T^T 0 l0" ax , yield liquid 
absorbance a. The error (la) is on the order of 0.3 cm"" 1 , 
principally due to cell-to-cell differences in the transmission 
of the CaF 2 windows, To, which can vary by a few percent 
at 157 nm. The accuracy can be improved by an order of 
magnitude by measuring the same cell (i.e., the same win- 
dows) three to five times with different spacers. 

Initial studies 10 focused on perfluorinated polyethers (PF- 
PEs) which are available commercially as high performance 
pump oils and heat transfer fluids. The absorbance of these 
materials as received from their manufacturers was found to 
be, at best, 6 cm"', which would permit a working distance 
of less than 40 fxm at 95% transmission. This "as received" 
absorbance can be reduced in several ways, for example, by 
she elimination of dissolved oxygen. In air, perfiuorocarbon 
liquids dissolve large amounts of 0 2 which contribute a sig- 
nificant portion of the overall absorbance at 157 nm. This 0 2 
can be removed, either by sparging with N 2 gas or by re- 
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Fta. 7. Absorbance of perfluorouiglyme after de-oxygenation (dashed tine), 
distillation followed by de-oxygenation (dotted line), and distillation fol- 
lowed by de-oxygenation and dehydration. 

pealed cycles of freezing, pumping, and thawing under 
vacuum. De-oxygenated PFPEs with absorbances as low as 3 
cm" 1 were found. Even with the removal of O2, however, 
nuclear magnetic resonance (NMR) and gas 
chromatography/mass spectrometry (GCMS) reveal these 
PFPEs to be complicated systems with poiydisperse molecu- 
lar weights and defects in the polymer backbone, making 
systematic study of the absorbance difficult. 14 

Studies of simpler perfiuorocarbon and hydroftuorocarbon 
systems have emphasized that liquid purity is the key to low 
absorbance at these short wavelengths. With low molecular 
weight materials, routine use of GCMS can ensure that low 
levels of contaminants do not dominate the measured absor- 
bances. Under these conditions, very low values of absor- 
bance can be found. The lowest absorbance material mea- 
sured to date is perfluorotriglyme (PFTG, 
CF 3 [OCF2CF2]30CF 3 ). With the oxygen removed, PFTG 
has a 157 nm absorbance of 1.12±0.08 cm" 1 (Fig. 7), yield- 
ing a 200 fim working distance at 95% transmission. GCMS 
analysis reveals the presence of trace levels of contaminants, 
principally chlorofluorocarbon and unsaturated fluorocarbon 
species which can be partially removed by distillation. We 
estimate that even 1 ppm of chlorofluorocarbon can contrib- 
ute —0.5 cm -1 to the 157 nm absorbance. As seen in Fig. 7, 
while distillation improves the absorbance at longer wave- 
lengths, the effect at 157 nm is not significant Finally, at 
these low absorbances, the ppm levels of water dissolved in 
the perfluorocarbons are significant When this moisture is 
reduced by treatment with a silica based drying agent, the 
157 nm absorbance of PFTG is 0.64±0.07 cm"" 1 , the current 
record for low absorbance of an organic liquid and low 
enough for a 350 fim working distance. 

VII. CONCLUSIONS AND FURTHER WORK 

Immersion lithography can improve the resolution of pro- 
jection optics and should allow the extension of optical li- 
thography beyond 50 nm. At 193 nm, water appears to be the 
immersion liquid of choice, and work is ongoing to discover 
potential issues with its use. To date, no show-stopping prob- 
lems have been identified. Areas of concern remain, how- 
ever, including bubble formation from resist outgassing, po- 
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